The electron localization function (ELF) has been used to study the bonding characteristics of the hydrogenated lithium clusters. The analysis of the ELF clearly confirmed the hypothesis that each hydrogen atom added to the lithium cluster completely localizes one of the metallic valence electron of the cluster. Hence, the mixed clusters have a metallic part attached to a localized ionic subunit.
Introduction
In the past decade mass spectroscopy and other experimental techniques have provided measurements of the ionization potential of, among others, alkali and hydrogenated alkali metal clusters. 1, 2 Theoretical calculations have given valuable information about the geometry and other properties of the mentioned clusters. 3 The results are explained by the hypothesis that the bonding of one hydrogen atom localizes one of the valence electrons of the lithium cluster, and the other electrons remain delocalized. 4 Very simple molecular orbital diagrams show that the more electronegative hydrogen atoms create energetically lower orbitals, explaining in this way some experimental and theoretical results. 4, 5 However, by doing theoretical calculations only, it is difficult to account for the localization hypothesis. It is known that the Mulliken's population analysis fails for electropositive atoms, and density or density difference plots 2 do not show clear results. In this paper, we will show that the electron localization function, ELF, yields a clear picture of the electron localization due to the hydrogen bonds. As a prototype of the hydrogenated lithium clusters, the series Li 4 H n (n ) 0-4), Li 9 , and Li 9 H have been studied. All of them have been experimentally detected, and some properties have been measured or theoretically calculated. 3 To understand the bonding characteristics, the ELF has been used. The ELF originally proposed by Becke and Edgecombe 6 has been defined as where D is the difference between the positive definite local kinetic energy of a system of noninteracting fermions, t s (F), having the same density as the real system, and the von Weizsaecker kinetic energy density, t w (F), D 0 is the local kinetic energy of an homogeneous electron gas
The range of values of ELF is between 0 and 1. The important term D(F) has the physical meaning of the excess local kinetic energy density due to Pauli repulsion. 7 The function ELF should demarcate the spatial regions characterizing the shared-electron interaction, as in covalent and metallic bonding, and the unshared-electron interaction such, as ionic bonding. The ELF has been extensively used to analyze a variety of bonding systems, e.g., refs 7-12. Furthermore, a topological interpretation of the ELF has been developed. 13 Analyzing its gradient field, it is possible to characterize the maxima and basins. They found three types of maxima which from a chemical point of view correspond to core, bonding, and nonbonding. The volume enclosed by all the trajectories ending at a given maximum defines the basin, and the integration of the electron density over the basin gives the electron population associated with the corresponding maximum. They can be interpreted from a chemical point of view as the electron population associated with the core, bonding, and nonbonding regions. 14 Note that the whole bonding analysis using the ELF does not depend on the orbitals. It could be directly calculated from the density by calculating T s or some approximation to it. 15,16
Results and Discussion
All the calculations have been done at the all-electron level using a 6-311G** basis set for all atoms and the B3LYP method of calculation. 17 The geometries have been optimized and the frequencies calculated to check for possible imaginary frequencies. The electronic structure calculations have been done with the G98A.7 program 18 and the ELF has been calculated using the TopMod program 19 and visualized with the vis5d 20 software.
The optimized geometries are shown in Figure 1 . The angle between Li atoms also decreases along the series. It seems that the hydrogenation makes the cluster more compact. The geometry of Li 9 corresponds to a slightly deformed square bypyramid similar to one of the structures reported earlier by Jones et al. 22 The presence of one hydrogen atom in Li 9 H changes completely the geometry in comparison with Li 9 , as † Universidad de Chile. E-mail: pfuentea@uchile.cl. ‡ CNRS et Université Pierre et Marie Curie.
ELF(br)
can be seen in Figure 1 . It may be noted that in the planar clusters with four lithium atoms the hydrogens bind always at the two lithium atoms side whereas in the three-dimensional clusters they prefer to bind at a three atom face position. In Table 1 , the total energies and hydrogen bonding energies per atom are displayed. There is not a significant variation in the hydrogen bond energy along the series of clusters, which is an indication of a similar nature of the bond in all clusters. Figure 2 shows the isosurfaces of ELF ) 0.8 for all the studied clusters. Starting with Li 4 , panel a, one can observe the four core basins in red (the one on the top is behind the valence basin) and two valence basins in green. The population of the core basins is 2.0e representing the localized core electrons. The four valence electrons are distributed between the two valence basins, each with a population of around 1.9e. The bonding in the cluster is clearly of the two-electron-three-center type. 7, 12 The next picture, panel b, is of Li 4 H where the hydrogen basin at the bottom on the right has a population of 2.0e. The valence basin at the bottom on the left contains only 1.0e. At the top remains one basin with a population of 1.9e, representing the two-electron-three-center bond. Also notable is the slight repulsion between the electrons bonding the lithium atoms on the top and the two electrons of the polarized Li-H bond. In panel c one can see the ELF ) 0.8 isosurface for Li 4 H 2 . Now, each hydrogen basin has a population of 2.0e, and the twoelectron-three-center basin remains at the top of the figure with a population of 1.9e. It is interesting to observe that the isosurface of Li 4 explains why the hydrogen atoms prefer the position between two lithium atoms and not, for instance, an on top position. One can see that the valence electrons are localized between lithium atoms and not outside the cluster at an on top position. Note that Li 4 H 2 is divided in two regions, one with delocalized electrons and one with localized electrons, as should be in a model for a metallic-insulator interphase. Note that both hydrogen atoms are in a cis position instead of trans. In this way, the system maintains the two-electron-three-center bonding of the lithium atoms. The following two pictures, panels d and e, correspond to Li 4 H 3 and Li 4 H 4 , respectively. The tetrahedral geometry is presented in the ELF ) 0.8 isosurfaces. The change to a three-dimensional structure can be rationalized using an ionic model. Each hydrogen atom takes one electron of the cluster, creating a positive charge on each lithium center and the electrostatic repulsion does not favor a planar geometry. Although the geometries are now completely different with respect to the already discussed ones the bonding characteristics are the same. Each hydrogen basin has associated a population of around 2.0e, and all the valence electrons are well localized. The delocalized character of the valence electron cloud of Li 4 is completely lost in Li 4 H 3 and Li 4 H 4 , where the hydrogen atoms are bonding at a 3-fold position. The last two pictures in panels f and g show the ELF ) 0.8 isosurfaces for the clusters of Li 9 and Li 9 H. The isosurface for Li 9 shows a complete delocalization of the nine valence electrons around the cluster with a small charge acummulation at the top of the smaller 4-fold lithium atoms face. In Li 9 H, the hydrogen bond is similar to the one found in the Li 4 H n series of clusters. It seems that the hydrogen atom approachs one of the 3-fold faces of the lithium cluster in the region where the valence basins are. A strong polarized bond with a basin population of 2.0e can be found at a 3-fold position. It means, like in Li 4 H, that the hydrogen atom in Li 9 H localizes one of the valence electrons of the metallic cage. To our knowledge, the laplacian of the density analysis as in the atoms in the molecules model of Bader, 23 which could yield similar results, has not been applied to the mentioned clusters.
Concluding, the ELF has clearly shown the bonding characteristics of the hydrogenated lithium clusters. The bare lithium clusters have the valence electrons delocalized, as it must be for metallic clusters. Each hydrogen atom added to the cluster forms a very polar bond with more than one lithium atom and localizes completely one of the valence electrons of the lithium cluster. Hence the bare lithium clusters of the type Li n have delocalized bonds, which progressively transform into those producing the metallic character of the solid, whereas the completely hydrogenated clusters of the type Li n H n has bonds modeling an insulator. The clusters of the type Li n H m , with n > m, depending on the cluster geometry, could model a metallic/ insulator interphase. 24 
